0.64 mM; and glucose, 0.4 per cent) and Trisglucose-Casamino acid medium (the above medium fortified with 0.1 per cent Casamino acid (Difco)) were employed. The media were supplemented with appropriate compounds when required for the auxotrophs or for particular experimental conditions. Bacteria were grown for 14 to 16 hr at 37 C under constant aeration, harvested, suspended in appropriate growth media at a density of about 3 X 108 cells per ml and incubated for 3 to 6 hr until the late logarithmic phase was reached, the growth being followed by optical density measurement with Kaken (Tokyo) 570 m, filter. The density of viable cells at the expected phase was about 2 to 3 X 109 cells per ml. The bacteria were then harvested, washed with ice cold 0.1 M phosphate buffer (pH 7.0), suspended in the same buffer at a density of about 3 X 109 cells per ml and kept at 0 C. Ten ml of bacterial suspension were irradiated in a petri dish of 8.5 cm diameter with ultraviolet light from a Toshiba (Mazda) 15 w germicidal lamp at a distance of 1 m under contant stirring. The irradiated suspension was diluted with 10 volumes of experimental medium with or without chloramphenicol (100 ,g per ml) and incubated at 37 C with constant aeration. Samples were taken at OKAGAKI RESULTS Strai-ns of E. coli susceptible to the killing effect of chloramphenicol after ultraviolet irradiation. When the ultraviolet irradiated cells of E. coli strain 15 were suspended in a growth medium containing chloramphenicol and incubated with aeration, there was a phase of initial increase in viable count, lasting some 20 min without the concomitant synthesis of DNA ;2 such a recovery from the primary lethal effect of ultraviolet irradiation was followed by a steep decrease in viable count which continued for some 120 min of incubation and then leveled off (figures 1 and 5). Similar but more distinct reduction of survivors was observed with strains 15 T- (Cohen) and 15 T-(Zamenhof) (figure 6 and table 1), and a less distinct one with strain B/r (figure 2). In strain 15 h-, the decrease started from the beginning of incubation without a sign of recovery or a delay (figures 8 and 9).
As for strain B, the effects of the antibiotic were different. In Tris-glucose-Casamino acid medium containing chloramphenicol, the number of survivors occasionally decreased during the initial 20 min and then started to increase (figure 3, A and B, bottom curves), but did not exceed that of the control growing in Tris-glucoseCasamino acid medium. It is obvious that this increase was not due to the proliferation of surviving bacteria, but was a reflection of the revival of once killed bacteria. When the addition of chloramphenicol was made at 40 min after incubation began in Tris-glucose-Casamino acid medium, the number of survivors significantly increased and surpassed that of the control (figure 3, A). In a medium lacking nitrogen3 but 2 The initial recovery from the primary lethal effect of ultraviolet irradiation and the beginning of the death in the chloramphenicol medium was paralleled to some extent by the change of viable count in the growth medium without chloramphenicol. However, in the latter case this secondary death after the recovery from the primary death was of short duration and the normal bacterial growth set in some 90 min after the ultraviolet irradiation. This phenomenon was studied by Barner and Cohen (1956) who ascribed the secondary death to the effect of unbalanced growth.
3 When irradiated bacteria were incubated in phosphate buffer with glucose, there was a marked recovery of initially "killed" bacteria, i. e., the restoration of colony forming ability. This phe- containing chloramphenicol, the antibiotic evidently acted to increase survivors considerably even when addition was made at zero time of incubation (figure 3, B). The situation is so complicated that the mode of action of chloramphenicol cannot be accounted for simply, but at least it suggests that there was little, if any, trend of strain B being killed by chloramphenicol after ultraviolet irradiation. The change in DNA, RNA, and protein content of the culture was followed in the experinomenon was observed most markedly in Escherichia coli strain B, to a lesser extent in strains 15, 15 T- (Cohen) , 15 T- (Zamenhof) and very slightly in strain B/r, but not at all in strain 15 h-as illustrated in figures 2, 3, 5, 8, 11, 12, and 14 . These observations will be discussed in a separate paper (Okagaki, unpublished data figure 3 , A. In a light employed. The addition of chloramphenicol ol culture with Tris-glucose-Casamino acid at zero time of incubation prevented the resumpim the DNA synthesis was resumed after a tion of DNA synthesis, but not if added 40 d of complete inhibition lasting for some 30 min after incubation. These observations confirm of incubation by the dose of ultraviolet the results of Harold and Ziporin (1958) and of Drakuli6 and Errera (1959) . The RNA synthesis continued at a reduced rate for 80 min after the addition of chloramphenicol then leveled off.
Protein synthesis was always completely inhibited immediately upon addition of chloramphenicol. _ ____0 Similar effects of chloramphenicol were observed in ultraviolet irradiated E. coli strain 15 h-incubated in Tris-glucose medium containing histidine.
In unirradiated bacteria, the increase in optical density and cell multiplication was blocked by chloramphenicol (figure 1). In this case, the effect of the antibiotic was bacteriostatic but never bactericidal with any strains of E. coli o 60 120
tested, whereas it may be bactericidal with the ultraviolet irradiated bacteria of certain strains.
MINUTES
This curious phenomenon, the further decrease rure 2. Recovery of chloramphenicol death of colony forming ability in the ultraviolet traviolet irradiated Escherichia coli strain irradiated bacteria as caused by the postirradiancubation in Tris-glucose-Casamino medium tion incubation in media containing chloramhr. Ultraviolet irradiation for 100 sec. The ated bacteria were incubated in Tris-glucose-phenicol, may be termed "chioramphenicol nino medium (0), or in 0.1 M phosphate death" of the ultraviolet irradiated bacteria, with 0.02 M glucose (0) or with glucose and or simply as "ultraviolet-chloramphenicol death." Lmphenicol (A).
Effects of the composition of incubation medium upon the ultraviolet-chloramphenicol death. The Tris-glucose medium and the phosphate buffer with glucose were compared for efficiency in producing ultraviolet-chloramphenicol death with strain 15 (figure 4). The decrease in viable count was a little more pronounced in the first medium than the second. With strain 15 T- (Cohen) , however, no difference was observed between the two media (figure 6), and also the presence or absence of Casamino acid and thymine in the medium had no effect (figures 6 and 14). Ultraviolet-chloramphenicol death was therefore not appreciably dependent upon the nitrogen source in the medium. In the presence of chloramphenicol, the thymineless death (Cohen and Barner, 1954) of strain 15 T-(Cohen) was blocked.
When chloramphenicol was employed in combination with a medium lacking energy source, the viable count of ultraviolet irradiated bacteria of strain 15 did not decrease for the initial 120 min of incubation (figure 4). Metabolic inhibitors, A death analogous to the chloramphenicol death in the ultraviolet irradiated strain 15 h-. Strain 15 hexhibited a similar decrease in viable count after ultraviolet irradiation, when its protein synthesis was inhibited by histidine deficiency (figure 7). However, death was prevented in a medium lacking all sorts of nitrogen sources (figure 8). Unirradiated cells of this strain exhibited a very slow decrease in viable count in the histidine deficient growth medium, but this death was not so remarkable as the one occurring after the ultraviolet irradiation (figure 7). When histidine was supplied to the Tris-glucose medium at 60 min of incubation, the death of the irradiated bacteria was promptly arrested and the viable count started to increase parallel to the one with zero time addition of histidine (figure 7). Death of the ultraviolet irradiated histidine- (Cohen) in different media. Incubation in Tris-glucose-Casamino medium with 2,ug per ml thymine for 3 hr. The bacteria were ultraviolet irradiated for 100 sec and incubated in Trisglucose-Casamino medium with 2 jug per ml thymine (0), in Tris-glucose-Casamino medium only (X), in phosphate buffer with glucose and chloramphenicol (A), in Tris-glucose-Casamino medium with thymine and chloramphenicol (A) or in Tris-glucose-Casamino medium with chloramphenicol (V). The broken line represents the thymineless death (Cohen and Barner, 1954) . auxotroph caused by histidine deprivation might be taken to be analogous with the ultravioletchloramphenicol death, since the protein syntheses were largely inhibited in both cases; but it is evidently different from the latter in its dependence upon some other nitrogen source.
When the effects of histidine deprivation and those of chloramphenicol were compared in Tris-glucose medium, the difference emerged early after ultraviolet irradiation. As shown in figures 8 and 9, in the case of histidine deprivation the decrease in viable count began after a short lag and its curve followed the course parallel to, but at a somewhat higher level than, the one with chioramphenicol added at zero time of incubation. But the addition of chloramphenicol at 60 min tended to diminish the gap between the two curves. This experiment suggested the presence of an intracellular storage of histidine at the beginning of incubation and the occurrence of some protein synthesis which may have continued during the course of incubation though at a much diminished rate. Needless to say, chloramphenicol caused the death of bacteria of this strain regardless of the presence or absence of histidine (figures 8 and 9). It may therefore be assumed that this difference is not an essential one.
The change in the amount of DNA, RNA, and protein was followed in the ultraviolet irradiated cellsof strain 15 h-both in histidine-supplemented and hiistidine-deficient media (figure 10). In the former medium, the DNA synthesis resumed after some 60 min of incubation after ultraviolet irradiation, whereas RNA and protein syntheses began immediately. In the medium lacking histidine, both protein and DNA syntheses were blocked, and RNA synthesis was inhibited almost completely. When the irradiated bacteria were subjected to histidine deficiency for 30 or 60 min preceding the addition of histidine, the resumption of DNA synthesis in the supplemented medium was further delayed and proceeded at a much diminished rate or failed to occur. The RNA and protein syntheses were also impaired by the preliminary incubation in the histidine-deficient medium. It is thus shown that the ultraviolet irradiated bacteria lost the ability to grow during the postirradiation incubation without histidine.
Restoration of the irradiated bacteria from the state susceptible to ultraviolet-chloramphenicol death. The extent of the ultraviolet-chloramphenicol death seemed to be most pronounced when the addition of chloramphenicol was made at zero time of incubation of ultraviolet irradiated bacteria (figure 8). It may be assumed that the bacteria would recover, during the period they were incubated in a chloramphenicol-free medium, death. In order to detect such restoration, ultraviolet irradiated bacteria of strain 15 hwere incubated in phosphate buffer with glucose, chloramphenicol being added at intervals to samples of the culture medium, which were further incubated for 3 hr. The sensitivity to chloramphenicol slowly diminished while the irradiated bacteria resided in the chloramphenicolfree medium (figure 11). Similar experiments were carried out with strain 15 using either phosphate buffer with glucose ( figure 12 Tris-glucose medium (figure 13). In this strain, a transient recovery from the state sensitive to the ultraviolet-chloramphenicol death was observed after 20 min incubation. Curiously enough, such a recovery was again reversed by the second wave of chloramphenicol sensitivity, which, however, seemed to be largely eliminated in 2 hr incubation without chloramphenicol after the ultraviolet irradiation. It seems that the ultraviolet irradiation lesion causing the sensitivity to chloramphenicol is gradually repaired during incubation in the absence of this compound.
Effects of the composition of the preincubation media on the ultraviolet-chloramphenicol death. In the experiment with strain 15 T- (Cohen) presented in figure 6 , the bacteria were incubated, prior to irradiation, in Tris-glucose-Casamino acid medium supplemented with thymine, for 3 hr. If the medium was not fortified with Casamino acid (1 mg per ml), the bacteria of this strain, which exhibited slow growth in this medium, were not killed by chloramphenicol treatment after ultraviolet irradiation, even in the presence of Casamino acid (figure 14). Parent strain 15 and strain 15 T-(Zamenhof) died even if they had been incubated in the Tris-glucose medium lacking amino acids, in which bacterial growth was usually retarded (table 1) .
It may be suspected that strain 15 T- (Cohen) is actually a double mutant of the parent strain T- (Cohen) , being a prototroph but distinct from strain 15 by the second property mentioned, has now been produced in the following way. The bacteria harvested at the late logarithmic phase were irradiated with ultraviolet light, suspended in Tris-glucose medium lacking thymine, and incubated for 15 hr with aeration; then the back mutants were separated twice on chemically defined agar plates; finally 4 colonies were picked and tested. Strain 15-OS21, thus obtained, showed the properties closest to strain 15 T- (Cohen) with respect to sensitivity to ultraviolet light and the resistance to ultraviolet-chloramphenicol death following incubation ( figure 15 and tables 2 and 3), but did not require thymine for growth.
Further experiments were carried out with Cohen (1956) noted that in strain 15 the postirradiation treatment with 5-methyltryptophan did not kill the bacteria. According to Cohen and Munier (1959) and Munier and Cohen (1959) this analogue does not completely arrest the protein synthesis, but seems to produce inactive protein molecules without itself being incorporated into them. The results with 5-methyltryptophan are therefore quite compatible with the present observations, and suggest the absence of incorporating amino acids into polypeptide macromolecules, rather than failure of producing new functioning molecules, is the crucial condition for the occurrence of the ultraviolet-chloramphenicol death.
Ultraviolet-chloramphenicol death and DNA synthesis. The DNA synthesis in ultraviolet irradiated bacteria is inhibited for some period, but it soon resumes; this resumption is prevented, however, if the protein synthesis is inhibited throughout the postirradiation incubation (Harold and Ziporin, 1958; Drakulic and Errera, 1959) . These observations are in agreement with those of the present study with strains B, 15-OS21 and 15 h-. The occurrence of chloramphenicol death of ultraviolet irradiated bacteria simply depends upon the presence of chloramphenicol and apparently has no relation to the resumption of DNA synthesis. Also, the addition of the antibiotic to the medium 40 min after postirradiation incubation did not interfere with the resumption of DNA synthesis, but increased the rate of death. Ultraviolet-chloramphenicol death must, however, involve some sort of active process, because it requires an energy supply for its development.
Effects of chloramphenicol on survival of E. coli strain B. The effect of chloramphenicol is radically different in E. coli strain B and in strain 15 and its various mutants, or strain B/r. Strain B is characterized by greater sensitivity of colony forming ability to the action of ultraviolet light, and by its marked restoration in a nitrogen-free medium, or by chloramphenicol treatment. This last point corroborates the observations of Doudney and Haas (1958) and Gillies and Alper (1959) . The resumption of DNA synthesis in ultraviolet irradiated bacteria is prevented under conditions which induce the restoration. However, such restoration is probably not related to the mutation frequency decline as described by Doudney and Haas (1958) . According to Haas (1958, 1959 ) the mutation fixation involves the restorable irradiation-induced change in ribonucleic acid precursors containing pyridines in vivo rather than the change in the preformed nucleic acid molecules. This change becomes fixed in the newly formed ribonucleic acid molecules which then transfers the wrong information to the DNA molecules synthesized later, upon completion of ultraviolet induced inhibition of DNA synthesis. It seems that the prevention by chloramphenicol of the resumption of DNA synthesis is not directly involved in the mutation frequency decline as observed by Doudney and Haas.
Nature of lethal effect of ultraviolet irradiation.
The lethal effect of ultraviolet irradiation in strain B might be due to the damage of DNA molecules rather than the nucleic acid precursors. The observed restoration would then imply that the irradiation lesion in DNA molecules may progressively be repaired during the postirradiation incubation without DNA synthesis (Barner and Cohen, 1956) . Then normal resumption of DNA synthesis in ultraviolet irradiated bacteria would fix the lethal change in replicating DNA molecules, by forming abnormal DNA on the modified template. Since the restoration proceeded at least until 3 hr after irradiation, a significant portion of the lesion in DNA molecules would still have persisted as early as 40 min after irradiation, when DNA synthesis was just starting under the conditions employed. Addition of chloramphenicol at this moment did not affect DNA synthesis and therefore would have fixed the lethal change and have affected the progress of restoration. Actually, however, the restoration occurred at a greatly enhanced rate. It is therefore unlikely that the ultraviolet induced reduction of viable count in E. coli strain B is caused by the damage in DNA molecules.
In the strains employed other than B, the ultraviolet-chloramphenicol death obscures the situation, and it is only with strains 15 T- (Cohen) and 15-0S21 that chloramphenicol was seen to bring about some restoration of ultraviolet irradiated bacteria under conditions which effec-tively prevented ultraviolet -chloramphenicol death. It can not be determined at the moment how far the lethal effect of ultraviolet irradiation in these strains is based upon the same mechanism as in the strain B.
Comparison of ultraviolet-chloramphenicol death with the death by histidine deficiency. With regard to ultraviolet-chloramphenicol death in appropriate strains, chloramphenicol may either amplify the irradiation damage, or else it initiates, in the ultraviolet-irradiated bacteria, an entirely new sort of killing process which is effectively blocked or has no possibility to occur in nonirradiated bacteria. Likewise, in the irradiated strain 15 h-, a histidine auxotrophy, the histidine deprivation may cause an almost complete cessation of protein synthesis, but the killing effect was manifested only when the nitrogen source was present. On the other hand, the killing effect of chloramphenicol on irradiated bacteria of different strains does not depend on the nitrogen source.
In nonirradiated bacteria, amino acid deficiency in auxotrophic strains may lead to the inhibition of RNA synthesis (Sands and Roberts, 1952; Gros and Gros, 1958) . In the absence of a nitrogen source, the conditions for such an inhibition of RNA synthesis may be lacking, because the precursors of RNA cannot be produced. It is suggested that death by histidine deficiency of ultraviolet irradiated bacteria may be related to the inhibition of RNA synthesis, whereas ultraviolet-chloramphenicol death is unrelated.
Histidine deficiency in ultraviolet irradiated strain h-results in almost complete cessation of RNA synthesis, as in nonirradiated bacteria. However, the addition of the required amino acid would immediately release the RNA synthesis from the inhibition in nonirradiated bacteria (Gros and Gros, 1958) , whereas in irradiated strain h-the ability to synthesize RNA, as well as DNA and protein, seems to be irreversibly impaired by histidine deficiency of relatively short duration. It is highly likely that the irradiated strain 15 h-rapidly becomes incapable of further growth during the period of histidine deficiency. In contrast to this, ultraviolet irradiated cells of strains 15 h-and 15-OS21 did not lose the ability to synthesize RNA during the initial period of chloramphenicol treatment, when they were losing the colony forming ability. Moreover, the effects of chloramphenicol on the synthetic ability of irradiated bacteria of different strains under different conditions of induction were quite similar whether or not the bacteria were susceptible to ultraviolet-chloramphenicol death. Thus, the mechanism of ultraviolet-chloramphenicol death is distinct from, that of the death of ultraviolet irradiated strain 15 h-by histidine deficiency. The latter may also differ from the lethal mechanism of ultravioletirradiation alone, which allows bacterial growth to continue for a substantial time. It follows that histidine deficiency in ultraviolet irradiated strain 15 h-probably initiates a new sort of damage. Whether a similar situation holds with the ultraviolet-chloramphenicol death can not be determined at the moment.
Nature of induction of the sensitivity to chloramphenicol in irradiated bacteria. In certain strains (15 T-(Cohen) and 15-0S21) the susceptibility to the chloramphenicol death of the ultraviolet irradiated bacteria could be modified by the change in composition of the medium used for the incubation prior to irradiation. Thus some single amino acid or pyrimidines may induce in these strains a state which effects the killing when they were subsequently subjected to ultraviolet irradiation, followed by chloramphenicol treatment. The uninduced bacteria resist the same treatment. The process of such an induction does not take more than 40 min and obviously involves protein synthesis, and its effect can be eliminated only slowly during growth in the absence of inducing substance. Consequently, the inducing compounds would be participating in the formation of some new sort(s) of protein(s) rather than in the negative feedback mechanism operating to repress certain enzymes. In (Cohen) ) and B/r, but not in strain B. In strain B, chloramphenicol enhanced recovery from the lethal action of ultraviolet irradiation, especially when added at some interval after the irradiation.
Chloramphenicol death occurred when each one of the following conditions was met: (a) the preliminary ultraviolet irradiation, (b) the presence of chloramphenicol in the incubation medium with or witlhout nitrogen source, (c) the presence of energy source in the incubation medium, and (d) the presence of a certain metabolic system within the cell, which may be either constitutive or inducible by the incubation with certain compounds, according to the strains employed. Induction of the susceptibility to the ultraviolet-chloramphenicol death was realized by a number of amino acids or pyrimidines added singly or in combination with the incubation medium in strains 15-0S21 and probably also in 15 T- (Cohen) . Strains 15, 15 T- (Zamenhof) , and 15 h-did not require such induction for the ultraviolet-chloramphenicol death.
Death of the irradiated bacteria, analogous to the chloramphenicol death, was also observed in histidine deficient incubation, instead of addition of chloramphenicol, with ultraviolet-irradiated bacteria of strain 15 h-, a histidine auxotroph. Unlike the ultraviolet-chloramphenicol death, this required a nitrogen source in the medium. In this case, the ability to synthesize nucleic acids and proteins seems to be lost irreversibly by a histidine deficiency of relatively short duration.
The nature of various types of death and recovery therefrom after ultraviolet irradiation in different strains of E. coli was discussed. It was concluded that in strain B the bulk of the lethal effect was not due to the damage in deoxyribonucleic acid molecules. The lethal effect of histidine deficiency in irradiated strain 15 hseems to be distinct from both the primary lethal effect of the ultraviolet-irradiation, which can be restored under certain nutritional conditions in various strains, and the ultraviolet-chloramphenicol death.
